Cell-to-cell fusion ofAedes albopictus (mosquito) cells infected with dengue and St Louis encephalitis (SLE) flaviviruses was induced by exposure to low pH. The parameters of this low pH-induced fusion were examined. Syncytium formation was maximal in cultures 36 to 48 h post-infection and occurred when cultures were maintained at the acid pH for 15 min at 35 °C. The optimal pH range for fusion was 5.0 to 6.5 for dengue virus-infected cells and 5.0 to 5.5 for SLE virusinfected cells. Syncytia were not observed in vertebrate cells (Vero and BHK) under these conditions despite similar virus yields. Fusion was shown to be ATPdependent and could be prevented by the addition of either polyclonal antiviral antibodies or monoclonal antibody to the envelope glycoprotein. The lysosomotropic amine ammonium chloride inhibited the replication of SLE virus in both mosquito and vertebrate cells, consistent with the idea that low pH-induced fusion is necessary for virus entry into both types.
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The flaviviruses are small enveloped viruses which contain a single-stranded positive sense RNA genome. The virus particle contains three structural proteins: a capsid protein C (Mr approximately 14 000), an envelope glycoprotein E (Mr 50000 to 60000), and a membrane protein M (Mr approximately 8000). Most members of the family Flaviviridae are arthropod-borne and thus infect both vertebrates and invertebrates (mosquitoes or ticks) (for reviews see Brinton, 1986; Rice et al., 1986) .
There have been a number of reports showing that certain flaviviruses can cause fusion of mosquito cells. The precise requirements for fusion of these cells are not known, but whether or not fusion occurs and the degree of fusion appear to be influenced by the strains of virus and cells used, the composition and pH of the medium, the age of the culture, and the surface on which cells are grown (glass or plastic) (Suitor & Paul, 1969; Ng & Westaway, 1980; Edwards & Brown, 1984; Koblet et al., 1987; Summers et al., 1989) . In contrast to the situation with mosquito cells, there has been only one report describing the fusion of flavivirus-infected vertebrate cells; this report described the fusion of a specific clone of BHK-21 cells (BHK-21-528) following infection with St Louis encephalitis (SLE), Japanese encephalitis (JE) or West Nile (WN) viruses (Ueba & Kimura, 1977) .
Cell fusion (i.e. synctium formation) following virus infection has been observed with viruses of many 1 Present address: Lederle Laboratories, North Middletown Road, Pearl River, New York 10965, U.S.A. families and is thought to be mediated by a fusogenic viral protein which is either present in virus adsorbed to the cell surface (termed 'fusion from without') or synthesized during the course of infection and expressed on the cell surface (termed 'fusion from within') (for reviews see White et al., 1983; Spear, 1986; Koblet et al., 1987) . It is also known that for several virus families (Togaviridae, Myxoviridae and Rhabdoviridae) the fusion of the viral envelope with the cell membrane and subsequent syncytium formation requires exposure to low pH (White et al., 1983) . With alphaviruses (family Togaviridae) for example, Edwards & Brown (1984) reported that fusion of infected mosquito or vertebrate cells respectively can be induced most effectively by brief (1 to 2 min) exposure to medium at pH 4-6 or 5-3. Similar experiments have not been done with flaviviruses although purified flaviviruses [yellow fever (YF), WN, dengue (DEN) viruses] have been shown to fuse with the membranes of both liposomes and erythrocytes following exposure to low pH (Cammack & Gould, 1985; Gollins & Porterfield, 1986) , and recently, low pH-induced 'fusion from without' has been demonstrated for Aedes albopictus cells to which DEN virus had been adsorbed (Summers et al., 1989) .
To obtain further insight into the fusion of flaviviruses with cell membranes and thereby into the means by which flaviviruses enter cells, we have examined some of the features of low pH-induced fusion of flavivirusinfected mosquito cells. Although we consistently observed striking cell fusion when flavivirus-infected A. 0000-9478 © 1990 SGM Short communication albopictus cells were exposed to low pH, no fusion was seen with infected vertebrate cells. In this report we describe some of the parameters influencing fusion of mosquito cells.
DEN-2 (New Guinea B strain) and SLE (LAV5-156) viruses were described previously (Winkler et al., 1988; Randolph & Hardy, 1988 (Henchalet al., 1984) . IMAF to SLE virus was obtained from Dr James Hardy (University of California, Berkeley, Ca, U.S.A.).
The A. albopictus cells (C7-10 clone) and the Vero and BHK cells have been described previously (Durbin & Stollar, 1984; Winkler et al., 1988) . All ceils were grown in 5~0 CO2 in E medium [modified Eagle's MEM (Durbin & Stollar, 1984) ] supplemented with 5~o foetal bovine serum. The A. albopictus ceils were grown at 28 °C and the Vero and BHK cells at 37 °C.
To determine when cell fusion could first be induced and when it was maximal, A. albopictus cell cultures were infected at an m.o.i, of 10 p.f.u./cell and then examined 12, 24, 36 and 48 h following infection with DEN virus or SLE virus (strains LAV5-156 and MSI-7). At each time point, the medium was removed, and cells were placed for 30 min at 34-5 °C in serum-free medium at various pH values ranging from 5.0 to 7-5. The desired pH was obtained by supplementing the medium with 10 mM-HEPES and 25 mM-MES buffers and titrating with HC1 or NaOH. Syncytium formation was graded from 0 to 4 + ; 4+ represents complete fusion of the cell monolayer.
Examples of various degrees of fusion are shown in Fig. 1 . DEN virus-infected cultures maintained at neutral or slightly alkaline pH values (7.5) (Fig. l b) remained unfused and were indistinguishable from uninfected cultures (Fig. 1 a) . However, if the pH of the medium was dropped to 6.5 (Fig. l c) the entire monolayer fused and no individual cells remained. In cultures infected with SLE virus, when the pH of the medium was dropped to 6.5, cells fused in clusters, with each syncytium containing five to 20 nuclei; this was graded as 2 + fusion ( Fig. 1 d) .
The pH range over which maximal fusion occurred was broad and dependent on the time post-infection (p.i.) (Table 1) . With both DEN and SLE viruses, fusion first became apparent 24 h after infection and was greatest at the lowest pH tested, i.e. pH 5-0. At 48 h after infection with DEN virus, complete syncytium formation (4 +. ) was seen at each pH tested below 7-0. Fusion was also detected in SLE virus-infected cultures at acidic pH values but was always greater at pH 5.0 than at higher values. In each case the progression of fusion paralleled the replication of virus.
To produce fusion of alphavirus-infected mammalian cells, cultures must be exposed to a low pH and then returned to neutral pH (Edwards & Brown, 1984; Kempf et al., 1988) . Edwards & Brown (1984) made similar observations with Sindbis virus-infected mosquito cells; however, Kempf et al. (1988) working with Semliki forest virus (SFV)-infected mosquito cells found that the cells fused whether they were left at low pH or returned to neutral pH. Similarly, we found that Sindbis virusinfected A. albopictus cells fused nearly as well when kept at pH 5.5 as when they were exposed briefly to pH 5-5 and then returned to pH 7.5. However with DEN and SLE virus-infected cells, we observed that when the cultures were exposed to low pH for 1 min and then returned to neutral pH for 15 min, fusion was significantly less ( + / -) than when the cultures were maintained at an acidic pH for the entire fusion period in which case fusion was 4 + (data not shown).
An ATP requirement for fusion of SFV-infected A. albopictus cells was demonstrated by Kempf et al. (1987) . * Cultures were infected with DEN or SLE, and at the indicated times after infection they were placed in serumfree medium at the indicated pH. The degree of fusion was assessed as described in the text.
t Virus titres were determined by plaque assay in Vero cell cultures as described by Cahoon et at. (1979) .
They showed that fusion could be prevented by the addition of compounds such as KCN and sodium azide which inhibit oxidative phosphorylation and thus rapidly deplete the cells of ATP. Similarly, when we added KCN (5 mM final concentration) to DEN virus-infected A. albopictus cultures at the same time that they were placed in pH 5-0 medium, fusion was prevented (data not shown). Treatment with 5 mM-KCI had no effect; i.e. 4+ fusion was observed.
We also attempted to induce fusion in ftavivirusinfected Vero or BHK cell cultures, testing a variety of different conditions; in these experiments infected cell monolayers were used from 8 to 24 h p.i., i.e. at times before any significant c.p.e, was observed. The conditions which we tested were (i) those which induced maximal fusion of flavivirus-infected A. albopictus cells, (ii) those which induced maximal fusion of Sindbis virusinfected vertebrate cells, i.e. exposure to pH 5.0 followed by a return to neutral pH and (iii) these same conditions but with DEAE-dextran (0.5 to 500 ~tg/ml) (Lenard & Miller, 1981) in the fusion medium. Although titres of infectious virus in the medium were similar by 24 h to those seen with infected A. albopictus cells, in no case was fusion of infected cells observed. As expected, we were able to induce fusion of Sindbis virus-infected BHK and Vero cells at 8 and 24 h p.i. respectively by decreasing the pH briefly to 5.0, and then returning the cultures to neutral pH. Thus the cells which we used in these experiments were susceptible to fusion.
To evaluate the role of specific viral proteins in inducing cell fusion we assessed the effect of various antiviral antibodies on the fusion process (Table 2) . Cultures infected 48 h previously were incubated in antibody diluted in Eagle's MEM pH 7.5 for 15 min, then in antibody diluted in MEM pH 6.5 for 30 min at 35 °C. antibody-containing medium and tested for fusion as described in the text. t The antibodies used are described in the text.
Normal mouse ascites fluid (NMAF) did not inhibit cell fusion. IMAF generated against DEN-and SLEinfected suckling mouse brain (DEN-stub and SLE-smb) (these reagents are reactive with both structural and nonstructural viral proteins) showed a significant inhibition of fusion when tested against the homologous virus. The antibody to DEN virus also inhibited fusion by SLE virus but only at the highest concentration tested, i.e. To determine the role of newly released virions in inducing fusion from without, A. albopictus cell cultures which had been infected with DEN virus for 48 h were examined by electron microscopy. Virus was observed on the plasma membrane only in a small fraction of cells (less than 1 ~) and these were cells which were also undergoing substantial degeneration; no virus was seen on the surface of most cells (not shown). In addition, repeated washing of cells with phosphate-buffered saline (PBS) before placing the cells in the low pH medium failed to decrease the degree of cell fusion; thus it seems unlikely that fusion was due to newly released virus which was adherent to the cells.
The biological significance of acid-induced fusion of virus-infected cells relates to the fusion of viral and cellular membranes that occurs in acidic endosomal vesicles and is an essential step in the entry of certain viral genomes into the cytosol (for reviews see White et al., 1983; Marsh, 1984) . When present very early after infection (0 to 15 min) with flaviviruses, acidotropic amines have been shown to interfere with infection of several mammalian cell lines, presumably by raising the pH of the endosome (Brandriss & Schlesinger, 1984; Gollins & Porterfield, 1984) . We tested the effect of the lysosomotropic base ammonium chloride on SLE virus replication in both a mammalian (BHK) and a mosquito (A. albopictus, C7 clone) cell line (Fig. 2) . The presence of 50 mM-ammonium chloride during the first 5 min p.i. was found to reduce SLE virus yields (determined 24 h p.i.) by more than 90~o in BHK cell cultures (Fig. 2a) and by more than 80~ in A. albopictus cell cultures (Fig. 2b) . These results support the idea that endosomes are involved in the entry of SLE into mosquito cells as well as into BHK cells.
When we compared the conditions required for low pH-induced fusion in flavivirus-infected A. albopictus cells with that in Sindbis virus-infected A. albopictus cells we found an interesting difference. In the latter, extensive fusion occurred whether or not the cells were returned to neutral pH following the brief (< 1 min) exposure to low pH. In contrast, fusion of flavivirusinfected cells was observed only if the cells were kept in the low pH medium for 15 min. As already noted, unlike the situation with alphaviruses, we were unable to induce fusion of flavivirus-infected mammalian ceils under any circumstances.
Why was it possible to induce fusion of flavivirusinfected mosquito cells but not flavivirus-infected mammalian cells? Kempf et al. (1987 Kempf et al. ( , 1988 reported, firstly, that fusion of SFV-infected vertebrate and mosquito cells is ATP-dependent and secondly, that in the case of vertebrate cells (BHK), but not mosquito cells, it was necessary, in order for fusion to occur, to return the ceils to neutral pH following exposure to acid pH. They hypothesized that when mosquito cells are exposed to an acidic medium they are still able to maintain a normal cytoplasmic pH and to provide sufficient ATP for fusion, but that vertebrate cells, in attempting to maintain a pH gradient in acidic medium, exhaust their ATP stores and therefore cannot fuse until the pH is returned to neutral. As described above, we have obtained circumstantial evidence that ATP is required for fusion of fiavivirusinfected mosquito cells. If ATP is depleted much more severely in vertebrate cells than in mosquito cells when maintained in a low pH medium, this may account for the inability of vertebrate cells to undergo fusion. With respect to the requirement that fiavivirus-infected cells must be exposed to an acidic pH for as long as 15 to 30 miD to induce fusion, this may be due to a low level of expression of the flavivirus E protein on the surface of infected cells. In support of this idea, we have observed by the immunostaining and labelling of surface proteins only low levels of E protein on the surface of both mosquito and vertebrate cells (data not shown); similar observations have been made by Schlesinger et al. (1990) with YF virus-infected mammalian cells. In contrast, the alphavirus envelope proteins are expressed abundantly on cell surfaces (Birdwell & Strauss, 1974) . Differences between the structure and properties of the alphavirus and flavivirus fusogenic proteins may also play an important role in determining the requirements for membrane fusion in the different cell types.
Our results indicate that fusion of flavivirus-infected cells requires a low pH and is likely to be mediated by the E glycoprotein. Gollins & Porterfield (1986) have shown that the fusion of flavivirus particles with liposomes requires a low pH also. Recently, Summers et al. (1989) have demonstrated that purified DEN virus could cause fusion from without and that fusion was inhibited by MAbs (including 4G2) to the E protein. This last result is consistent with our finding that fusion of both DEN and SLE virus-infected cells is inhibited by a group-specific MAb (4G2) to the E protein and suggests that a region critical for fusion may be conserved within the flavivirus group. Although short conserved regions are seen in the amino acid sequence of the E protein of several flaviviruses (Trent et al., 1987) , no specific sequence has so far been identified as a possible fusogenic region.
An interesting question is raised by the fact that fusion of flavivirus-infected cells is induced at pH values only slightly below neutrality. The details of flavivirus maturation are largely unknown, but it is generally thought that viruses mature in intracytoplasmic vesicles which then fuse with the plasma membrane and in the process release the viruses. There is experimental evidence that the vesicles which are involved in the transport of proteins from the Golgi apparatus to the cell surface are acidic (for reviews see Griffiths & Simons, 1986) ; we have obtained evidence indicating that the vesicles in which flaviviruses mature (and in which they are presumably transported to the cell surface) are acidic (Randolph et al., 1990) . Why then does the E protein not cause fusion of viral and cell membranes during exit of the virus from the cell? One possibility is that fusion is prevented by one of the other viral proteins, such as the prM protein. Recently the prM protein has been shown to form heterodimers with the E protein in immature virus particles (Wengler & Wengler, 1989) and to be cleaved only at a very late step in virus maturation.
A similar situation may exist with alphaviruses. Wahlberg et al. (1989) have reported recently that in SFV-infected cells the envelope proteins, which in the virus are found as an E2E1 heterodimer, exist until a late stage in virus maturation as a pE2E1 (p62E1) heterodimer (pE2 is a precursor to E2). They showed also that the pE2E1 heterodimer is much more stable to acidic conditions than the E2E1 heterodimer and suggested that this increased stability would allow the pE2E1 complex to pass through the mildly acidic compartments of the exocytic pathway and mature without inducing membrane fusion. This work, together with that of Wengler & Wengler (1989) , suggest that the flavivirus prM.E complex is analogous to the alphavirus pE2E1 complex and that in both cases the uncleaved precursor protein, prM or pE2, may serve a similar function, namely to stabilize the heterodimer and thereby prevent fusion by the envelope protein(s) during virus maturation.
